The mechanical behavior of Ti-based metallic glass has been investigated by means of indentation experiments at different loading rates. Contrary to many crystalline materials, an increase of the loading rate causes a reduction of hardness, i.e., a mechanical softening. This effect is ascribed to deformation-induced creation of excess free volume, which is more pronounced for higher strain rates. The decrease of hardness is accompanied with an increase of the contact stiffness and a reduction of the reduced elastic modulus. Finite element simulations reveal that the mechanical response of this material can be described using the Mohr-Coulomb yield criterion. The changes in the nanoindentation curves with the increase of loading rate are well reproduced by decreasing the value of the Mohr-Coulomb cohesive stress. This result is consistent with the presumed enhancement of free volume.
I. INTRODUCTION
During the last decades, the great advancement in the lithography methods to fabricate structures with sizes in the sub-micrometer range has prompted the development of new techniques to characterize the different types of properties (e.g., electric, magnetic, or mechanical) of materials. Depth-sensing nanoindentation appears to be a powerful method for testing the mechanical behavior of materials at the micrometer and sub-micrometer scale. [1] [2] [3] [4] [5] This method is not restricted to systems with small dimensions but is particularly suitable to characterize bulk materials that exhibit premature failure during macroscopic tensile tests. For this reason, nanoindentation can be used to study the deformation mechanisms of metallic glasses (MGs), which generally show little plasticity during conventional compression tests. [6] [7] [8] [9] Nanoindentation load-displacement curves of MGs, measured at room temperature (i.e., far below the glass transition), are typically serrated (i.e., exhibit displacement bursts or pop-ins), an effect which is ascribed to the propagation of shear bands that are formed as a result of coalescence of excess free volume. The influence of the loading rate on the amount and size of these serrations has been extensively investigated during the last few years. [10] [11] [12] It has been claimed that higher loading rates cause a gradual disappearance of the pop-in events due to the simultaneous operation of multiple shear bands that do not have sufficient time to fully nucleate (and propagate) and, therefore, do not give rise to serrated flow.
Another interesting feature of the deformation behavior of MGs is that plastic flow is accompanied by dilatation, i.e., net creation of free volume. [13] [14] [15] This causes a decrease of viscosity and a concomitant mechanical softening. It is generally accepted that in MGs a certain amount of flow defects inherently exist, which are sites where the net free volume per atom, v f , exceeds a threshold value, v*, defined as the effective hard-sphere size of the atom. 13 The flow defect concentration can be expressed as:
where x = <v f >/gv*, being <v f > the average free volume per atom and g a geometrical factor comprised between 0.5 and 1. 15 If one assumes that each flow event, on average, produces a certain amount of free volume, i.e., dx ¼ a x de, where a x is the proportionality factor that a priori can be temperature dependent, 14 then a free volume production term, P, can be readily obtained:
Hence, the creation of free volume depends on the strain rate. In turn, the indentation strain rate can be calculated as:
where h is the displacement into the sample during nanoindentation. It is remarkable that, although the influence of strain rate on the degree of heterogeneity of plastic flow (i.e., on the occurrence of pop-in events) has been thoroughly investigated in recent years, nanoindentation studies on the effect of the loading rate on the hardness and/or elastic modulus of MGs are rather scarce. In particular, it has been shown that the mechanical softening of MGs can result in a so-called indentation size effect (a progressive decrease of hardness as indentation load is increased). 16, 17 Furthermore, it has been reported that yielding in MGs cannot be simply described by the usual von Mises or Tresca criteria, as reported for crystalline metals. Alternatively, other yield criteria, such as the Mohr-Coulomb one, have been used to investigate the deformation mechanisms of MGs. [18] [19] [20] This criterion considers that normal stress components acting on the shear plane also play a role at the onset of plasticity. 9, 20, 21 This effect is probably related to the role of free volume on the cohesive stress among the atoms and the atomic friction accompanying dilatation events that occur during plastic flow in MGs. The Mohr-Coulomb yield criterion can be expressed as follows:
where t y is the shear stress on the slip plane at yielding, c is the cohesive stress, a MÀC denotes the internal friction angle of the glass, and s n is the normal stress acting on the shear plane. Using geometrical reasoning, it is easy to demonstrate that the fracture angle in compression tests, y F , can be related to a MÀC as follows 19 :
In this article, the influence of strain rate on the mechanical properties of Ti-based MG is investigated by indentation experiments performed at several loading rates. Our results show that, for a given applied load, the hardness is lower for higher strain rates. In addition, not only is the hardness reduced for higher loading rates but also the elastic modulus, whereas the contact stiffness accordingly increases. Furthermore, finite element simulations of the nanoindentation curves indicate that yielding is governed by the Mohr-Coulomb yield criterion. From the simulations, a reduction of the cohesive stress for higher indentation rates is inferred. All of these observations are consistent with a net production of excess free volume during mechanical deformation, which becomes more pronounced for higher strain rates.
II. EXPERIMENTAL
Rods, 3 mm in diameter, were obtained by copper mold casting from a master alloy with composition Ti 40 Zr 25 Ni 8 Cu 9 Be 18 (at.%). The master alloy had been previously prepared by arc melting a mixture of highpurity (99.9 wt%) elements in an Ar atmosphere. The amorphous nature of the sample was confirmed by x-ray diffraction. The thermal stability of the system was investigated by differential scanning calorimetry (DSC). A glass transition temperature T g = 610 K and a supercooled liquid region of approximately 58 K were evaluated from DSC curves (at a heating rate of 40 k/min). A Poisson's ratio n = 0.358 and a Young's modulus E = 95 GPa were obtained from acoustic measurements. The yield stress, estimated from quasistatic compression tests, was s y % 1.62 GPa. The specimen fractured after a total strain e t = 5.6%, and the fracture angle was y F % 39. 5 .
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To evaluate the mechanical properties, indentation experiments were performed at room temperature, in the load control mode, using UMIS equipment from FischerCripps Laboratories (Forestville, Australia). The indenter was equipped with a Berkovich pyramidal-shaped diamond tip. Before indentation, the samples were carefully polished to a mirror-like appearance using diamond paste. The indentation function consisted of a loading segment of variable duration (from 4 to 525 s), at an approximately constant loading rate, to a maximum force P max = 10 mN, followed by a load-holding segment of 30 s and an unloading segment of duration ranging between 15 and 700 s. To minimize thermal drift, the experimental setup, including nanoindenter and sample, was protected from possible air currents and thermal fluxes by a methacrylate cover and allowed to stabilize for 1 h before the beginning of the tests. Due to the use of these means, the thermal drift at the beginning of the indentation tests was found to be below AE0.05 nm s
À1
. Moreover, to determine whether the thermal drift rate changed significantly during the course of the experiment, a low-load holding segment (after 90% of unloading) of 30 s was added. Based on the measurements, it was determined that thermal drift was maintained below 0.4 nm/min in mainly all the indentation experiments performed (those showing a thermal drift larger than 0.2 nm/min were disregarded in the calculations). From the load-displacement curves, the hardness, H, and reduced elastic modulus, E r , values were evaluated at the end of the loadholding segments after proper corrections for the contact area (calibrated using a fused quartz specimen), instrument compliance, and initial penetration depth. The presented results are the average of the total amount of at least 50 tests for each indentation condition. Note that the indentation experiments at different loading rates were also performed in fused silica. From the initial unloading slope, the contact stiffness is determined as:
Evaluation of the elastic modulus follows from its relationship with the contact area, A, and the stiffness
Here, b is a constant that depends on the geometry of the indenter and E r is the so-called reduced elastic modulus defined by:
The reduced modulus takes into account the elastic displacements that occur in both the specimen, with Young's modulus E and Poisson's ratio n, and the indenter, with elastic constants E i and n i . Note that for diamond, E i = 1140 GPa and n i = 0.07. In turn, the hardness is calculated using the following expression:
The nanoindentation curves were modeled using the Strand7 finite-element analysis software (developed by G+D Computing Pty Ltd., Sydney, Australia). The measured values of Poisson's ratio (from acoustic measurements) and Young's modulus (from nanoindentation tests) were used for the calculations, and a frictionless contact between the indenter and the specimen was assumed. The Berkovich indenter was treated as a conical indenter with a cone half-angle (70. 3 ) that provides the same area to depth relationship as the actual indenter in question. This allows the use of axial-symmetric elastic equations. Moreover, due to the axis-symmetric nature of the geometry, only a half-sectional plane of the geometry needs to be included in the mesh design. Although contact solutions for pyramidal indenters have been reported in the literature, the conversion to an equivalent axialsymmetric solution is widely used and accepted. 2 The Young's modulus and Poisson's ratio of diamond and an isotropic, pressure-independent, behavior are assumed for the indentation tip. Both the elastic and elastoplastic responses (using the Tresca and the Mohr-Coulomb yield criteria, with variable cohesive stress and friction angle values) were numerically calculated, and the results were compared with the experimental load-displacement data. Output from the simulations also included stress and displacement contour mappings of the deformed region beneath the indenter. Fig. 1(a) are typical load (P)-displacement (h) indentation curves corresponding to some selected loading rates, ranging from 0.019 and 2.5 mN/s. The loading segments of the indentation curves are clearly serrated, particularly for low loading rates. To achieve the highest loading rate, the number of acquired data points during loading had to be reduced, thus avoiding the observation of the pop-in events in this case (note that the serrations of the order of 10 nm or less). The figure also reveals that larger maximum depths are achieved for experiments performed at higher loading rates, a behavior that is consistent with a strain ratedependent softening of the MG. The associated indentation strain rates, calculated using Eq. (3), are plotted as a function of the penetration depth in Fig. 1(b) . As it typically occurs in nanoindentation experiments, _ e progressively decreases during the course of the nanoindentation experiments, 16 and, as expected, larger values of _ e are obtained over the whole range of penetration depths for larger loading rates.
III. RESULTS AND DISCUSSION

Shown in
The dependences of hardness and reduced elastic modulus on the loading rate are shown in Figs. 2(a) and 2(b) , respectively. A clear decrease of H and E r with the loading rate can be observed. Conversely, no influence of the strain rate on the mechanical properties of fused silica was observed. The mechanical softening of MGs has been often ascribed to the net production of free volume during deformation. 13, 16 Indeed, for a given depth, the amount of free volume created per unit time is presumably larger for higher strain rates [see Eq. (2)]. However, a quantitative evaluation of the amount of generated free volume is difficult because the flow defect concentration depends on the already existing free volume, and, furthermore, creation of free volume competes with thermally induced annihilation of free volume due to local heating in shear bands. 13, 23 The mechanical softening of metallic glasses can result in a so-called indentation size effect (ISE), i.e., a progressive decrease of H for higher applied indentation loads. 8, 16, 17 In crystalline materials, the ISE has been related to strain gradient hardening, i.e., the formation of the so-called geometrically necessary dislocations for sufficiently small applied loads. 24 Thus, it affects only H whereas E r remains independent of the maximum load. In contrast, in MGs, where no dislocations can be created due to the lack of crystalline order, the ISE affects both H and E r . 17 Likewise, in our experiments, where the strain rate (rather than the applied load) is varied, the decrease of H is accompanied with a reduction of E r . It can be argued that such a reduction of E r is the consequence of a reduced atomic packing (due to enhancement of free volume) in the region of material affected by the indentation impression.
It is worth mentioning that by combining Eqs. (7) and (9), an interesting relationship (which does not contain the contact area) can be derived between the hardness and the reduced elastic modulus:
The validity of Eq. (10) has been checked in our experiment. As shown in Fig. 3 , both P=S 2 and H=E 2 r progressively decrease as dP=dt increases. Remarkably, from the ratio between P=S 2 and H=E 2 r an average value of 0.654 is obtained, which is consistent with Eq. (10) provided that b is approximately equal to 1.1. The value of b has been an issue of discussion in the literature recently because an exceedingly small value for b can result in overestimation of the reduced Young's modulus. 25 A numerical analysis that modeled indentation on an elastic half-space using a flat triangular punch (thus ignoring the three-dimensional nature of the pyramidal indenters) yielded b = 1.034. 26 Hence, this value is often used in calculation of Young's modulus from nanoindentation experiments. However, it has been later shown that b depends on the geometry of the indenter, and values as high as b = 1.2 can be encountered for sufficiently small indenter angles. For Berkovich tips and elastoplastic materials b is approximately 1.15 (see Ref. 25) , thus in rather good agreement with the value obtained in this study.
The mechanical softening accompanying deformation of MGs has often been related to the formation and propagation of shear bands, where a sudden drop of viscosity occurs due to coalescence of free volume. 11, 13 However, except for the highest loading rate (for which the density   FIG. 2 . Dependence of (a) the hardness, H, and (b) the reduced elastic modulus, E r , on the loading rate, dP/dt. Note that the lines are guides to the eye. of data points is too low), serrated flow was always observed in our tests, and a direct correlation between the number and size of shear bands and the hardness after the load-holding segments could not be ascertained. It should be noted that some contradictory results actually exist in the literature concerning the role of the strain rate on the hardness of MGs. Whereas sometimes H has been found to be larger when evaluated from indentation tests at higher loading rates, 11, 27 the opposite trend has been also reported. 28 Moreover, macroscopic compression tests typically show that the yield stress decreases when the strain rate is increased. 29, 30 It has been claimed that lower strain rates promote shear band activity, thus decreasing the hardness. However, it should be noted that MGs also present anelastic and viscoelastic effects. 31 Therefore, care has to be taken when evaluating H using Eq. (7) and (9), because Eq. (7) is strictly valid only for a fully elastic recovery. Although an apparently higher instantaneous hardness can indeed be obtained for higher strain rates, H progressively decreases during the course of the indentation experiments and, at the end of the load-holding segments, the trend of H versus dP/dt can be inverted, thus leading to lower H for higher strain rates. This effect was clearly evidenced in our work on the ISE of MGs. 16 Furthermore, shear bands have also been observed by imaging techniques in experiments performed at high strain rates, even when no serrations were evident from the nanoindentation loading curves. 32 For such high rates, deformation seems to proceed via the simultaneous operation of multiple shear bands, instead of being localized in spatiotemporally independent shear bands. Hence, embryonic shear bands are also formed at high strain rates even if they do not have sufficient time to fully propagate, and therefore they are not detected using the nanoindentation tests. 33 Hence, the presumption that mechanical softening is related to the reduction of viscosity in regions accumulating excess free volume remains feasible for both low and high indentation strain rates.
Further insight into the deformation behavior of MGs can be obtained from finite element simulations. As shown in Fig. 4 , the indentation loading curve calculated using the elastic Hertz theory deviates significantly from the experimental one. In addition, a disagreement is encountered between the experimental curves and the simulated ones when using the elastic-perfectly plastic formalism with a pressure-independent (Tresca) yield criterion. In this case, for a given load, the corresponding calculated penetration depth is larger than the experimental one. As aforementioned, other yield criteria (like the Mohr-Coulomb one) have been occasionally used in the literature to describe the onset of plasticity of MGs. [18] [19] [20] Actually, the overall load-displacement indentation responses can be well reproduced if the Mohr-Coulomb yield criterion with the friction angle estimated from the macroscopic compression experiment (i.e., a MÀC = 11
) is used in the simulations (see Fig. 5 ). Hence, the simulations reveal that the indentation load at a given indentation depth increases when a pressure-sensitivity index is introduced. This result is a consequence of the role of pressure on yielding of the metallic glass and is in agreement with the analysis, performed by Narasimhan, based on the expanding cavity model, of the stress and displacement fields in a hollow sphere subjected to internal pressure. 34 A detailed view of the initial mesh (i.e., of the undeformed state) is shown in Fig. 6(a) . The stress (s yy component) contour mapping corresponding to P = 10 mN, obtained from numerical simulations using the Mohr-Coulomb criterion (with a MÀC = 11 and c = 0.39 GPa), is depicted in Fig. 6(b) .
Simulation of the effect of strain rate on the nanoindentation curves was attempted by systematically varying both the friction angle and the cohesive stress (the progressive decrease of E r with strain rate was also taken into account). The simulations reveal that by reducing c, higher maximum penetration depths are attained (the overall load-displacement curves become shifted towards larger penetration depths), thus in agreement with the experimental observations. The same effect could also be reproduced by decreasing a MÀC . However, whereas c had a clear influence on the contact stiffness, a MÀC had much less influence on this parameter. As a consequence, variations in a MÀC did not allow proper adjustments of the experimental curves. A good agreement between the experimental nanoindentation curves was obtained, for example, using c = 0.52 GPa and c = 0.39 GPa for tests performed at dP/dt = 0.131 and 2.5 mN/s, respectively (see Fig. 5 ). A reduction of c is actually consistent with the presumption of increased free volume and a concomitant increase of atomic mobility. It should be noted that a proportionality relationship between the cohesive stress and the existing amount of free volume in the glass has been postulated in the literature for pressure-sensitive viscoplastic FIG. 5. Comparison between the experimental load-displacement nanoindentation curves of the Ti-based amorphous alloy, measured to a maximum load of 10 mN at rates of (a) 0.131 mN/s and (b) 2.5 mN/s, and the simulated one using an elastoplastic model based on the Mohr-Coulomb yield criterion with a cohesive stresses of 0.52 and 0.39 GPa, respectively, and a friction angle a MÀC = 11 . isotropic materials. 35 The decrease of cohesion associated with strain softening can indeed be correlated with an increase of free volume. Our work shows that c depends on the indentation loading rate, an effect that is consistent with the relationship established between the deformation-induced creation of free volume and the strain rate during plastic flow of metallic glasses [see Eq. (2)].
Furthermore, a decrease of c also implies a reduction of the compressive yield stress, s y,C (as often encountered in the literature in experiments performed at high rates 29, 30 ), because both parameters can be related to each other by using the following expression 36 :
Finally, we conclude that c rather than a MÀC , is the main parameter that becomes modified when the loading rate is increased. This is an accordance with the work by J. Zhao on dynamic loading of brittle rocks 36 and agrees with some studies on MGs, where the fracture angle was found to be insensitive to the loading rate. 37 
IV. CONCLUSIONS
The hardness and elastic modulus of a Ti 40 Zr 25 Ni 8 Cu 9 Be 18 metallic glass are found to decrease when the indentation loading rate is increased. This strain ratedependent mechanical softening is ascribed to the creation and accumulation of free volume during the course of the nanoindentation experiments. The experimental load-displacement curves are compared with finite-element simulations by using either the Tresca or the MohrCoulomb yield criteria. A good agreement with the experimental data is obtained in the latter case. The effect of strain rate is well reproduced by decreasing the value of the cohesive stress, whereas the friction angle does not seem to be affected.
